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Temporal identityAsymmetric cell division generates two daughter cells of differential gene expression and/or cell shape.
Drosophila neuroblasts undergo typical asymmetric divisions with regard to both features; this is achieved
by asymmetric segregation of cell fate determinants (such as Prospero) and also by asymmetric spindle
formation. The loss of genes involved in these individual asymmetric processes has revealed the roles of each
asymmetric feature in neurogenesis, yet little is known about the fate of the neuroblast progeny when
asymmetric processes are blocked and the cells divide symmetrically. We genetically created such
neuroblasts, and found that in embryos, they were initially mitotic and then gradually differentiated
into neurons, frequently forming a clone of cells homogeneous in temporal identity. By contrast, larval
neuroblasts with the same genotype continued to proliferate without differentiation. Our results indicate
that asymmetric divisions govern lineage length and progeny fate, consequently generating neural diversity,
while the progeny fate of symmetrically dividing neuroblasts depends on developmental stages, presumably
reﬂecting differential activities of Prospero in the nucleus.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Asymmetric cell division is a fundamental mechanism in the
establishment of cellular diversity. In general, the daughter cells of
asymmetric divisions differ from each other with respect to gene
expression and/or cell shape, features that play important roles in
various contexts of development and tissue homeostasis. Drosophila
neuroblasts provide an excellent model for studying asymmetric
division because they undergo typical asymmetric divisions, with the
daughter cells exhibiting differential gene expression and cell size.
Neuroblasts repetitively divide into a larger neuroblast and a smaller
ganglionmother cell (GMC), while the GMC divides once into a pair of
neurons or glia (Wang and Chia, 2005). During these divisions, cell
fate determinants such as Prospero (Pros) and Brain tumor (Brat)
asymmetrically localize to the basal cortex (Hirata et al., 1995;
Betschinger et al., 2006; Bello et al., 2006; Lee et al., 2006b). This is
achieved by the binding of these ‘basal determinants’ to the adaptor
protein Miranda, which itself localizes asymmetrically due to the
function of the aPKC–PAR complex (the apical complex) (Ikeshima-
Kataoka et al., 1997; Shen et al., 1997; Kraut et al., 1996; Matsuzakiet al., 1998; Schober et al., 1999; Wodarz et al., 2000; Schaefer et al.,
2000; Parmentier et al., 2000; Petronczki and Knoblich, 2001). The
basal determinants then segregate into the GMC by the alignment of
their polarized distribution with that of the spindle, consequently
switching gene expression in the GMC from the neuroblast mode into
neuronal differentiation.
Asymmetric divisions of neuroblasts play critical roles in the
generation of neuronal diversity in embryos, since decisions regarding
neuronal fates are highly stereotyped and deterministic. Neuroblasts
sequentially express a set of transcription factors, including Hunchback
(Hb), Krüppel (Kr), Pdm1/Pdm2 (Pdm), and Castor (Cas), essentially in
an invariant order, while siblingGMCs virtuallymaintain the expression
of these genes inherited from themother neuroblast (Isshiki et al., 2001;
Pearson and Doe, 2003; Grosskortenhaus et al., 2005). As a result, each
GMC gives rise to a neuroblast lineage that is different from the next
in its expression of the temporal identity genes, although it is unclear
how differential progression in gene expression between neuroblast
and sibling progeny occurs.
Recent studies also revealed that elimination of the basal
determinants results in tumor formation in larval neurogenesis.
Transplantation of larval brain cells mutant for prospero, numb or
miranda into wild-type adult ﬂy causes malignant tumors (Caussinus
and Gonzalez, 2005). Furthermore, mosaic clones of prospero, numb
or brat mutants in the larval brain result in overproliferation of
progenitor cells (Betschinger et al., 2006; Bello et al., 2006; Lee et al.,
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Bowman et al., 2008). This is most likely the consequence of a trans-
formation of the GMC into a continuously proliferative state, since
those gene products function within the GMC.
Differences in cell size between neuroblasts and sibling GMCs arise
from off-centered cleavages that result from the asymmetric shape
and conﬁguration of mitotic spindles (Kaltschmidt et al., 2000). Both
are regulated by receptor-independent G protein signaling and are
mediated by the cortical complex of the heterotrimeric G protein Gαi
and the Goloco protein that binds to Gαi (Pins and Loco) (Yu et al.,
2003; Cai et al., 2003; Yu, 2004; Yu et al., 2005). Gβ13F or Gγ1mutant
neuroblasts generate nearly equal-sized daughter cells but segregate
the determinants normally, demonstrating that control of daughter
cell size is fairly independent of the partitioning of basal determinants
(Fuse et al., 2003; Izumi et al., 2004). Gβ13F and Gγ1 mutant
neuroblasts reduce their size from division to division more rapidly
than wild-type neuroblasts and eventually terminate division. This
observation strongly suggests that cell volume is critical for mainte-
nance of the proliferative ability of neuroblasts, although it is unknown
how cell volume is involved.
Because the two asymmetric features of neuroblast division, gene
expression and cell size, are independently regulated, impairment of
either of these features leaves the other unaffected. How neuroblast
progeny is fatedwhenneuroblasts lose any asymmetric features has not
been extensively studied. One exceptional case is the overexpression
of the membrane-tethered aPKC, which distributes uniformly along
the cortex in larval neuroblasts (Lee et al., 2006a). Such neuroblasts
overproliferate to form tumors, raising the possibility that aPKC
promotes proliferation. It is, however, unclear how neuroblasts behave
when they lose cell polarity in different ways and whether symmetri-
cally dividing neural progenitor cells can, under some conditions,
differentiate into neurons. If indeed they can, what identity do those
neurons acquire?
In this study, we attempted to genetically create neuroblasts
undergoing symmetric division by simultaneously disrupting the two
asymmetric features of neuroblasts. We made double mutants for
Gβ13F and lethal (1) discs large (dlg); dlg mutations disrupt the
asymmetric segregation of basal determinants (Ohshiro et al., 2000,
Peng et al., 2000). The resultant neuroblasts undergo symmetric
divisions in both embryos and larvae. By utilizing this double mutant
system, we investigated how asymmetry in neuroblast divisions
contributes to the nature of neuroblasts and their progeny.
Results
Generation of symmetrically dividing neuroblasts
In neuroblasts of germ line clone embryos lacking both the
maternal and zygotic functions of dlg, asymmetric segregation of
Miranda and Numb is largely impaired (Fig. 1A, B); this defect is
recovered at telophase, a phenomenon called telophase rescue
(Ohshiro et al., 2000; Peng et al., 2000). By contrast, in Gβ13F (or
Gγ1) mutants, asymmetric spindle conﬁguration is strongly impaired
(Fig. 1C), although the asymmetric localization of Miranda is nearly
normal (Fuse et al., 2003; Izumi et al., 2004). The combination of these
twomutantswas thus expected to generate neuroblasts in which bothFig. 1. Neuroblasts divide symmetrically in double mutants for dlg and Gβ13F. (A–D) (A) Wil
stained for Miranda (Green) and DNA (Red). Miranda is equally segregated into both daug
spindle asymmetry and displacement. The values are calculated as indicated in ﬁgure E. (F) Th
genotype. Asymmetric spindle conﬁguration is strongly impaired in dlg-Gβ13F double mu
(Green) and Elav (Red). A white arrowhead, open arrowhead and arrow indicate a neuroblas
double positive (white) during early stages. The proportion of nuclear Elav-positive cells in
stained for Miranda (Blue), Cyclin E (Red) and Elav (Green). (M' and N') Camera lucida imag
mitotic in the wild and dlg-Gβ13F mutant embryos.segregation of basal determinants and asymmetric spindle formation
were impaired. We made germ line clone embryos of the X
chromosome bearing both dlg and Gβ13F mutations (hereafter
referred to as dlg-Gβ13F mutants, Fig. 1D). In these mutant
neuroblasts, the apical components (for example, aPKC) and the
basal determinants (Miranda, Pros, and Numb) are segregated equally
into two daughter cells of nearly equal size at cell division
(Supplementary Fig. 1E, F) and there is no obvious telophase rescue
(a partial recovery of the asymmetric distribution of the basal (or
apical) determinants at telophase), which is seen in single dlg
mutants. Thus, the dlg-Gβ13F double mutant neuroblasts undergo
nearly symmetric divisions, as expected, while minor differential
partition of the determinants and volume may occur when dividing
into two daughter cells. A combination of bazooka (baz) and Gβ13F
mutations also causes symmetric division of neuroblasts (data not
shown).
Symmetrically dividing neuroblasts eventually differentiate into neurons
We examined the cell fate assumed by neuroblasts in embryos
double mutant for Gβ13F and dlg. In wild type, neural progenitors and
neurons are distinguishable by two nuclearmarkers, Asense (Ase) and
Elav (Robinow and White, 1991; Brand et al., 1993; Jarman et al.,
1993). Ase is expressed in all mitotic progenitor cells (neuroblasts and
GMCs) in embryos. Elav, a neuronal marker, is strongly detectable in
the nucleus of mature neurons, while it is cytoplasmic in GMCs
(Fig. 1G). When embryos are stained for the twomarkers, neuroblasts
are nuclear Ase single positive, GMCs contain both nuclear Ase and
cytoplasmic Elav, and neurons are Elav single positive. This combi-
nation of markers reveals the ordered arrangement of neuroblasts,
GMCs and neurons extending from the surface to the inside of
embryos (Fig. 1G–I). In dlg and Gβ13F single mutants (Supplementary
Fig. 2), this layered arrangement of cells is severely disorganized due
to impaired epithelial structure and to abnormal gastrulation,
respectively. However, the three cell types are clearly recognizable
in these single-mutant embryos. By contrast, most cells in dlg-Gβ13F
double mutant embryos (Fig. 1J–L) are Ase- and cytoplasmic Elav-
double positive at 6–8 h after egg-laying (AEL), like wild-type GMCs.
As development proceeds, the proportion of Ase-negative and nuclear
Elav-positive cells increases. The majority of cells are of this type
by 12–14 h AEL, indicating that they eventually differentiate into
neurons.
The gradual differentiation of symmetrically dividing neuroblasts
into neurons was conﬁrmed by a different set of markers, Miranda,
Pros and Elav. At early and mid-stages of wild-type embryonic
neurogenesis, Miranda is expressed in all neuroblasts, and remains
transiently in the cortex of GMCs shortly after being produced. Both
neuroblasts and GMCs are Cyclin E+ (CycE, Fig. 1M). Pros is detected
in the nucleus of GMCs and young neurons (Fig. 2A–E). At late
embryonic stages, wild-type neuroblasts become quiescent with
an irregular cell shape, although they remain Miranda+, Pros−, and
Elav−. In the dlg-Gβ13F double mutant embryos, all cells express
Miranda, with neither nuclear Pros nor Elav, at the onset of
neurogenesis (4–6 h AEL, Fig. 2F), indicating that they are initially
neuroblast-like. Subsequently, cells with nuclear Pros and cytoplasmic
Elav are observed among the Miranda-positive cells (Fig. 2G). In thosed type, (B) dlg, (C) Gβ13F and (D) dlg-Gβ13Fmutant neuroblasts at telophase that were
hter cells in the dlg-Gβ13F mutant neuroblasts. (E and F) Quantitative analysis of the
e graph shows the degree of spindle asymmetry (blue) and displacement (red) for each
tants. (G–I) Wild type and (J–L) dlg-Gβ13F mutant embryos were stained for Asense
t, GMC and neuron, respectively. In dlg-Gβ13Fmutant embryos, most cells are Ase-Elav
creases as development proceeds. (M) Wild-type and (N) dlg-Gβ13F mutant embryos
es for M and N: hatched cells are Cyclin E-positive. Nuclear Elav-positive cells are post-
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Fig. 3. Progression of temporal identity in the progeny of symmetrically dividing neuroblasts. (A–D) (A and C) Wild type and (B and D) dlg-Gβ13Fmutant embryos stained for Eve
(Green) and LacZ (Red). (A) Open arrowheads indicate RP2, aCC/pCC neurons. (B) In the dlg-Gβ13F mutant embryos, RP2, aCC/pCC neurons are missing. The white arrowhead
indicates an Eve-single positive cluster. (C and D) Open arrowheads indicate EL neurons. Some EL neurons are formed in dlg-Gβ13Fmutant embryos. (E) The change in the temporal
identity markers in EL-neurons fromNB3-3. Red circles indicate EL neurons. Green, pink, blue and orange colors respectively indicate Kr, Pdm, Cas and Grh. In wild-type embryos, one
of two neurons from each GMC of NB3-3 expresses Eve and forms the EL neuron cluster. At sixth division of NB3-3, Cas expression is weak in the neuroblast but is faint in the neuron.
(F–H) (F) Wild type and (G and H) dlg-Gβ13Fmutant embryos stained for Cas (Green), Eve (Red) and EL-LacZ (not shown). Open arrowheads and white arrowheads indicate Cas-
positive and negative EL neurons, respectively. In themajority of dlg-Gβ13Fmutant EL clusters, all neurons express Cas, although a small portion of EL clusters does not express Cas at
all. (I and J) (I) Wild type and (J) dlg-Gβ13F mutant embryos stained for Even-skipped (Green) and lacZ (Red). Eve-positive neurons do not express Grainyhead in the dlg-Gβ13F
mutants, in contrast to wild type Eve-positive neurons.
13A. Kitajima et al. / Developmental Biology 347 (2010) 9–23cells, the differential intracellular distribution of Miranda and Pros
suggests that they are not tightly associated. This characteristic
pattern of marker expression in the dlg-Gβ13F double mutant cells
suggests that those cells have a mixed neuroblast/GMC fate. As this
cell population rapidly increases (6–10 h AEL, Fig. 2G, H), Miranda
expression in turn becomes attenuated, indicating that cells become
post-mitotic (8–12 h AEL, Fig. 2H, I). Eventually, most cells loseFig. 2. dlg-Gβ13F double mutant neuroblasts eventually differentiate into neurons. (A–J) (A–E
(Red) and Elav (Green). A white arrowhead, open arrowhead and arrow indicate a neurobla
are Miranda-positive but staining for Prospero and Elav are not visible at the onset of neurog
lose Miranda expression and localize Elav to the nuclei.Miranda and Pros, and localize Elav in the nuclei (14–16 h AEL,
Fig. 2J); this is a signature of mature neurons (Fig. 1N). The same
sequential change in cell type was observed in baz-Gβ13F double
mutant neuroblasts (data not shown). Thus, we conclude that
symmetrically dividing neuroblasts initially behave like neuroblasts,
then acquire a mixed neuroblast/GMC character, and ﬁnally differ-
entiate into neurons.)Wild type and (F–J) dlg-Gβ13Fmutant embryos stained forMiranda (Green), Prospero
st, GMC and neuron, respectively. (F) In the dlg-Gβ13F double mutant embryos, all cells
enesis. (G) A fraction of Miranda-positive cells express Prospero and Elav. (I) Most cells
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We next asked what identity neurons acquire when neuroblasts
undergo symmetric divisions, as in dlg-Gβ13F mutants. We ﬁrst
examined identiﬁed neurons in two neuroblast lineages expressing
Even-skipped (Eve) (Bossing et al., 1996; Schmidt et al., 1997)
(Fig. 3A–D). In the progeny of NB 1-1, Eve is solely expressed in the
daughter neurons of the ﬁrst-born GMC (aCC and pCC). Similarly, the
RP2 neuron, a daughter of the ﬁrst-born GMC in the NB4-2 lineage, is a
single Eve-positive neuron in this lineage. These neurons are
speciﬁcally recognized by lacZ driven by the eve gene promoter
speciﬁc to aCC/pCC/RP2 (Fujioka et al., 1999) (Fig. 3A). These Eve-
positive cells are absent from both dlg-Gβ13F embryos and baz-Gβ13F
embryos (Fig. 3B and data not shown), indicating that neurons with
the ﬁrst temporal identity are not formed in symmetrically dividing
NB1-1 or NB4-2. This is in contrast to the case for Gβ13F single
mutants, in which neuroblasts normally produce early-born GMCs by
equal size divisions until they stop dividing at mid-neurogenesis
(Fuse et al., 2003).
Symmetrically dividing neuroblasts frequently generate homogeneous
neurons
The inability of symmetrically dividing neuroblasts to generate
the earliest-born neurons prompted us to examine the expression of
temporal identity factors, Hb, Kr, and Cas, in both wild type and dlg-
Gβ13F double mutants (Fig. 4). In the wild type, the expression of
these temporal identity factors shows a loose stratiﬁcation from the
surface to the inside of the ventral nervous system because earlier-
born neurons tend to distribute on the side distant from the
neuroblast layer (Fig. 4B–D). In dlg-Gβ13F double mutants, the overall
expression of the temporal identity factors occur sequentially starting
from Hb, Kr, and then Cas, as observed in the wild type (Fig. 4E–H). Its
spatial distribution is, however, different from that seen in the wild
type; neurons expressing the same temporal identity factors are
arranged in clusters and are segregated from neighboring clusters that
express a different set of markers (Fig. 4H). The same mosaic patterns
were observed in baz Gβ13F double mutants (data not shown).
The mosaic distribution of neurons of the same temporal identity
may result from clonal expansion of cells with an equivalent temporal
identity. Alternatively, neurons of the same temporal identity may
aggregate together, irrespective of lineage, if they have a high self-
afﬁnity. To distinguish these two possibilities, we focused on the EL
neuron cluster, another cluster of Eve-positive neurons, which are
sequentially generated from NB3-3 (Fig. 3E). In wild type at stage 16,
ﬁve Cas-positive neurons are observed in the EL cluster (on average
8.6±0.8 EL neurons (n=20)). While the EL clusters were no longer
arranged regularly in the dlg-Gβ13F double mutant, they could be
identiﬁed by lacZ expression driven by the eve promoter speciﬁc to
the EL neurons (Fujioka et al., 1999, Fig. 3F–H, and data not shown).
We found that all cells in the majority of the EL clusters (35/38,
Fig. 3G) did express Cas, while the rest of the clusters did not express
Cas at all (3/38, Fig. 3H). Thus, Eve-positive neurons derived from
NB3-3 appear to be homogeneous regarding the expression of
temporal identity factors, while a high variation is observed in the
clone size of EL clusters (7.1±4.2, n=32 ; see Discussion).
We also observed the formation of neurons with uniform temporal
identity in themajority of the NB7-3 lineages that weremarked by theFig. 4. Progression of temporal identity genes in dlg-Gβ13F double mutants. (A–D)Wild type
(A) Neuroblasts express Hb at 4 h AEL. (B) Neuroblasts are Kr/Hb-positive or single Kr-pos
Cas at 6–8 h AEL. GMCs and neurons are Kr- or Hb-positive. (D) In wild type embryos, neu
(E) Neuroblasts express Hb. Some cells start to weakly express Kr. Kr-positive cells in the ce
(F) Cells express Hb or Kr during 4–6 h AEL. The laminar structure of CNS is disturbed. (G)
to cluster together. (H) Clustering of cells expressing identical temporal identity and the m
8–10 h AEL in the dlg-Gβ13F mutant embryos. Dotted white lines indicate the surface of eEagle-LacZ and Engrailed. These NB7-3 lineages generate four neurons
(Supplementary Fig. 3); the ﬁrst pair of neurons is Hb Kr-double
positive, followed by a Kr-single positive neuron and then a Pdm-
single positive neuron. In the dlg-Gβ13Fmutants, no progeny of NB7-3
express Hb, indicating that neurons of the earliest temporal identity
are not born in this lineage, as observed for NB3-3. Instead, approxi-
mately half of NB7-3 clones exclusively contain Kr-single positive
neurons (16/36), and one third of the NB7-3 clusters contain no Kr-
positive neurons (presumably Pdm-positive, 12/36). The rest of the
NB7-3 clusters (8/36) are heterogeneous, containing both Kr-single
positive neurons and Kr-negative neurons. The heterogeneous
clusters tend to be larger than homogeneous clusters (Supplementary
Fig. 3G and see Discussion).
As described above, all examined neuroblasts that divided
symmetrically failed to form neurons with the earliest temporal
identity, suggesting that progression of neuroblast temporal identity
somehow occurs in proliferating cells. We also tested whether late-
born neurons were formed in dlg-Gβ13F mutants by examining the
expression of Grainyhead (Grh), a typical marker for later-born
neurons (Brody and Odenwald, 2000), and found that Grh was rarely
observed in dlg-Gβ13F mutants (Supplementary Fig. 4). For example,
NB3-3 generates Grh-positive neurons at the seventh division onward
in the wild type, but never generates Grh-positive neurons in dlg-
Gβ13F mutants (Fig. 3I and J), suggesting that NB3-3-derived
progenitor cells terminate progression of the temporal identity before
expressing Grh. Altogether, our observations strongly suggest that
symmetrically dividing neuroblasts go through the temporal identity
genes in embryos but terminate its progression after several rounds
of the cell cycle, hence frequently producing a homogeneous clone
of neurons with uniform temporal identity. If this is the case, Cas-
positive clusters in dlg-Gβ13Fmutants must be generated from clones
expressing preceding identity factors, and therefore, Cas clusters
should already contain several cells when they are formed. We
examined embryos that appeared to be starting to express Cas at 6–
8 h AEL, and conﬁrmed that Cas clusters, indeed, have two peaks of 4
and 8 cells (Supplementary Fig. 5A). In addition, Cas clusters are larger
than both Hb-positive and Kr-positive clusters at 8–10 h AEL. This
observation is consistent with the notion that cells change their
temporal identity from Hb, Kr to Cas as their cluster sizes increase
through symmetric divisions (Supplementary Fig. 5B).
While the majority of neuroblasts expand to generate neurons
with homogeneous temporal identity, some neuroblast progenies
occasionally split into clusters with different temporal identities, as
observed in NB7-3 (Supplementary Fig. 3E, see also Discussion). We
also note that there are Hb, Kr-double positive clones in the dlg-Gβ13F
mutant nervous system at 8–10 h AEL (Fig. 4H). This indicates that
progression of temporal identity is not always associated with cell
cycle progression in dlg-Gβ13F mutants, and that some neuroblast
clones expand by symmetric divisions while maintaining the same
temporal identity (Figs. 3G and 4).
Larval dlg-Gβ13F mutant neuroblasts overproliferate
After a quiescent period extending from late embryonic to early
larval stages, neuroblasts reinitiate division in the brain and ventral
ganglion and continue to expand neuronal progeny throughout larval
stages (Truman and Bate, 1988; Prokop and Technau, 1991; Datta,
1995). Larvally dividing neuroblasts have several different propertiesand (E–H) dlg-Gβ13Fmutant embryos stained for Kr (Green), Hb (Red), and Cas (Blue).
itive during 4–6 h AEL. GMCs and neurons express Hb. (C) Neuroblasts start to express
rons with different temporal identity are found in a laminar structure at 8–10 h AEL.
ntral region are not neuroblasts, but ectodermal cells as seen in the wild type embryos.
Cas expression begins at 6–8 h AEL. Cells expressing the same temporal markers tend
utual segregation among cells expressing different identity markers become evident at
mbryos.
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swell approximately 2-fold larger in diameter and do not reduce their
size during consecutive divisions, whereas embryonic neuroblasts
gradually decrease their volume with repeated cell divisions. To
investigate how dlg-Gβ13F mutant neuroblasts behave at larval
stages, we induced MARCM clones for wild type, Gβ13F, dlg and dlg-
Gβ13F double mutants shortly after hatching (28–32 h AEL) and
reared those larvae until third instar (120 h AEL) under conditions inFig. 5. dlg-Gβ13F double mutant clones overproliferate during larval neurogenesis. (A) Sch
collected for 5–9 h. The induction of MARCM clones was performed by heat-shock for 60 mi
labeled byGFP (Green) in Figs. 5–7. (B and F)Wild type, (C andG) dlg, (D andH)Gβ13F and (E a
Open arrowheads indicateMARCM clones. (F)Wild type clones contained one neuroblast (op
indistinguishable from wild type clones. (H) Gβ13F mutant clones were small and contain
increased clone size. Most cells wereMiranda-positive and Elav-negative. (J) Cells in the dlg-G
level of Pros expression is lower in cells in the dlg-Gβ13F mutant clone than in surroundingwhich a single or a few clones are formed in brain (Lee and Luo, 1999,
2001) (Fig. 5A–E, see Methods).
Wild type neuroblast MARCM clones normally have an average size
of about 62.9 cells under these conditions (n=21, s.d.=24.5) and
consist of a single large neuroblast, 2-3 GMCs and post-mitotic neurons
(Fig. 5F, K). Neuroblasts express Miranda (Fig. 5F) and Pros (invisible in
interphase, data not shown). Larval GMCs are similar to embryonic
GMCs in CycE expression (Fig. 6A) and nuclear Pros (Fig. 5J, anematic representation of the time course of MARCM clones induction. Embryos were
n during 28–32 h AEL. Larvae were dissected at 72, 96 or 120 h AEL. MARCM clones are
nd I) dlg-Gβ13Fmutant larval CNSwere stained for Elav (Red) andMiranda (Blue). (B–E)
en arrowhead), a few GMC (white arrowhead) and neurons. (G) dlgmutant clones were
ed a single small Miranda-positive cell. (I) dlg-Gβ13F double mutant clones showed
β13Fmutant clones (Green)wereMiranda (Blue) and Pros (Red) positive. Note that the
wild type cells. (K) The graph shows the cell number per clone of each genotype.
17A. Kitajima et al. / Developmental Biology 347 (2010) 9–23arrowhead), although cortical Miranda persists in larval GMCs (Fig. 5F).
dlgm52mutant clones were essentially indistinguishable fromwild type
clones 96 h after clone induction (Fig. 5C, G), presumably due to
residual dlg activity and/or to telophase rescue. However, Gβ13F
mutant neuroblasts generated reduced size clones composed of small
cells (8 cells on average, n=21, Fig. 5D, H). In those mutant clones, all
cells except a single cell were fully differentiated to express Elav in the
nucleus. The exceptional cell in each clone expressed CycE andMiranda
but not Elav (Figs. 5H and 6B). This phenotype suggests that the Gβ13F
mutant neuroblasts underwent asymmetric division into equal-sized
daughters, a neuroblast and a GMC, just like embryonic Gβ13F mutant
neuroblasts. Thus, the Gβ13Fmutant clones eventually generate a small
number of neurons and one small neuroblast that no longer divides. To
our surprise, dlg-Gβ13F double mutant clones showed a totally
different phenotype from either dlg or Gβ13F single mutant clones;
dlg-Gβ13F mutant cells formed large clones made up of relatively
homogeneous cells 90 h after clone induction (Figs. 5I, J and 6C, D;
120 h AEL); these cells, which have a cell size similar to that of GMCs
(Fig. 5I), express Miranda (Fig. 5I) and CycE (Fig. 6C) but no Elav at all
(Fig. 5I), unlike GMCs, which express Miranda and low levels of
cytoplasmic Elav (data not shown). As expected, dlg-Gβ13F mutant
clones includedmany PH3-positive cells, indicative of mitosis (Fig. 6D).
From these observations, we conclude that larval dlg-Gβ13F neuroblast
clones generate continuously proliferating cells instead of differentiat-
ed neurons as observed for embryonic dlg-Gβ13F neuroblasts (Supple-
mentary Fig. 6). The lack of pros function leads to overgrowing clones in
larval brains (Bello et al., 2006; Choksi et al., 2006), but the proliferating
dlg-Gβ13F mutant cells maintained Pros in the nucleus (Fig. 5J).
Interestingly, the expression level of Pros in these cells wasmuch lower
than in normal GMCs (the ratio of staining intensity, dlg-Gβ13Fmutant
cells/wild type GMCs, is 0.26±0.13; see below).
dlg-Gβ13Fmutant cells proliferate more slowly thanwild-type neuroblasts
We examined the process by which dlg-Gβ13F clones initiate
overgrowth after clone induction from a single heterozygous mutant
neuroblast (Fig. 6E–H). dlg-Gβ13FMARCM clones were indistinguish-
able from wild type clones 42 h after clone induction (72 h AEL,
Fig. 6G). At 66 h after clone induction (96 h AEL, Fig. 6H), several small
Miranda-positive cells became detectable within clones. At this time,
clone sizewas not obviously abnormal, but there was no longer a large
neuroblast. These observations indicate that, in dlg-Gβ13F clones, the
neuroblast itself divides into small cells until 96 h AEL and strongly
suggest that those cells repeat symmetric divisions to grow exponen-
tially in the last 24 h (96–120 h AEL).
We then examined the cell cycle length of overproliferating dlg-
Gβ13F cells by labeling larval brains with BrdU for 4 h at 120 h AEL
and chasing BrdU incorporation for 24 h (Fig. 6I–J). In the wild type,
4 h BrdU administration labels all neuroblasts and a proportion of
postmitotic neurons (Fig. 6I, J), suggesting that the cell cycle of larval
neuroblasts is shorter than 4 h. This result is consistent with the
previous report that the cell cycle length of larval neuroblasts is about
1 h and cell cycle of GMC is about 6.5 h (Truman and Bate 1988; Boone
and Doe, 2008). Neuroblasts maintained no BrdU signal after the 24 h
chase due to dilution by multiple cell cycles (Fig. 6L, M). By contrast,
in proliferating dlg-Gβ13F mutant clones, some proliferating cells
remained unlabeled after 4 h labeling (Fig. 6K). Because those
unlabeled cells did not experience the S phase during those 4 h, this
result shows that the cell cycle length of those mutant cells is longer
than 4 h and thus that the dlg-Gβ13F mutant cells proliferate more
slowly than neuroblasts. Consistently, many cells maintained BrdU
labeling after the 24-h chase (Fig. 6 N), indicating that those cells
passed through fewer cell cycles than did wild type neuroblasts. The
cell cycle length of dlg-Gβ13F cells (more than 4 h) suggests that a
mutant cell repeats divisions less than 6 times during the last 24 h and
generates about 60 daughter cells. This estimation is compatible withthe observed number of cells in a mutant clone (208.1±83.2, n=14),
given that the mutant clone contains several cells at 96 h AEL.
Growth of dlg-Gβ13F clones is sensitive to the level of Prospero
The difference in cell cycle length between dlg-Gβ13F mutant
cells and normal neuroblasts and GMCs suggests that nuclear Pros
expression in these mutant cells is sufﬁcient to make cell cycle
progression slower than in wild-type larval neuroblasts, but insufﬁ-
cient to terminate cell cycle progression as normally occurs in the
GMC. If this is the case, an elevation of the Pros level should be able to
differentiate those cells. To test this possibility, the UAS-pros
transgene was driven under the control of different Gal4 drivers in
the MARCM clones (Fig. 7). The induction of Pros expression by the
elav-Gal4 construct, which weakly expresses Gal4 in the dlg-Gβ13F
neuroblasts, did not signiﬁcantly affect the overproliferation of dlg-
Gβ13F MARCM clones (data not shown). By contrast, when the
tubulin-Gal4, which is stronger than elav-Gal4, was used (Fig. 7C, D),
dlg-Gβ13F MARCM clones terminated cell proliferation after forming
small Elav-positive differentiated cells (cell number=14.2±8.9,
n=6). Under the same condition, 70% of wild-type MARCM clones
developed normally (39.5±16.1, n=19, Fig. 7A, B), while 30% of
those clones terminated proliferation. The latter type of clone
contained a large Elav-positive cell and several small Elav-positive
cells (data not shown). These results indicate that the majority of wild
type neuroblast clones remain unaffected by the elevated level of Pros,
while dlg-Gβ13F mutant cells become sensitive to excess amounts of
Pros from the transgene in the course of clonal growth, resulting in
slowed or absent cell cycle progression.
Discussion
In this study, we investigated how the asymmetric mode of
neuroblast division contributes to the speciﬁcation and diversiﬁcation
of neuronal cell fate by generating neuroblasts that divide symmetri-
cally. Combinations of dlg and Gβ13F mutants and of baz and Gβ13F
mutants successfully generated neuroblasts that divide symmetrically
with respect to both partition of determinants and daughter cell size
during embryonic stages, allowing all progeny to differentiate into
neurons that are often clonally homogeneous in temporal identity
(Fig. 8). At larval stages, dlg-Gβ13F neuroblasts generated overgrowing
cell populations. Based on our results, we discuss the roles of
asymmetric features of neuroblast division in the choice of self-renewal
vs. differentiation and in cellular diversiﬁcation.
Roles of cell size and basal determinants in neuroblast division
Based on our observations, at embryonic stages, dlg-Gβ13F neuro-
blast divisions occur essentially without asymmetry in either daughter
cell size or in the partition of the determinants from the ﬁrst division.
It is possible, however, that two daughter cells occasionally inherit
different amounts of the determinants, leading to the generation of cell
clusters expressing differential temporal identity genes in a single
neuroblast progeny suchasNB7-3, asdiscussedbelow. Suchﬂuctuations
in the partition of the determinants may occur stochastically because
the apical/basal components are not tightly associated with cortex in
dlg-Gβ13F neuroblasts.
All progenies of dlg-Gβ13F neuroblasts eventually differentiate in
the embryonic stages. Which feature is then critical for the differen-
tiation of all progeny; the asymmetric partition of determinants or of
cell volume? On the one hand, the basal determinants are known to
function in daughter cells’ commitment to differentiation. On the other
hand, all available results suggest that reduction in neuroblast cell
size contributes to attenuation of cell cycle progression but not to the
induction of differentiation. In the wild type, neuroblasts gradually
reduce their size by budding off GMCs, and eventually enter the
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Fig. 7. Growth of dlg-Gβ13F mutant clones is sensitive to the level of Prospero. Pros is overexpressed in the wild type (A and B) and dlg-Gβ13F mutant clones (C and D). (A and C)
Larvae stained for Pros (Red) andMiranda (Blue). (B and D) Larvae stained for Elav (Red) andMiranda (Blue). (A and B)Most wild type clones develop normally. (C and D) In the dlg-
Gβ13F mutant clones, all cells differentiate into neurons.
19A. Kitajima et al. / Developmental Biology 347 (2010) 9–23dormant state (Miranda+, Pros−, Elav−; Fig. 2). In the Gβ13F single
mutant, neuroblasts more rapidly lose volume by generating equal-
sized daughters with the basal determinants normally segregating to
one daughter, and remain in the same Miranda+, Pros−, Elav− state
with the characteristic cell morphology of quiescent neuroblasts
(Supplementary Fig. 2). This suggests that in the Gβ13F single mutant,
neuroblasts also eventually enter the dormant state after the
generation of a fewer number of GMCs. Thus, cell size reduction
alone is not likely to cause neuronal differentiation of progenitors, but
instead appears to cause them to remain in the undifferentiated
state unless the basal determinants are present. This was conﬁrmed in
Gβ13Fmutant neuroblasts at the larval stage.
What amount of the basal determinants is necessary to induce
GMC fate? In Gβ13F mutants where neuroblast divisions give rise to
daughters of equal size, a large daughter at the ﬁrst division inherits
most of the basal determinants and becomes differentiated into a
GMC, indicating that a full amount of basal determinants can cause a
daughter cell half the size of a newly born neuroblast to commit to the
GMC fate. By contrast, neuroblasts undergoing symmetric divisions
(dlg-Gβ13Fmutants) appear to subsequently undergo at least two cell
cycles and do not immediately commit to a GMC-like fate. This
difference between embryonic Gβ13F mutant and dlg-Gβ13F mutant
ﬁrst daughters may mean that a half amount of the basal determi-
nants is not sufﬁcient to commit a daughter cell to the GMC fate.
Alternatively, it has been argued that neuroblasts may express self-
renewal factors that promote self-renewal and thereby proliferation
and that asymmetrically segregate into the neuroblast (Lee et al.,
2006a). When dlg-Gβ13F neuroblasts undergo their ﬁrst divisionFig. 6. dlg-Gβ13Fmutant cells self-renew but do not differentiate. (A–C) Larval brains stained
neuroblast (open arrowhead) and a GMC (white arrowhead) express Cyclin E in the wild typ
the Gβ13F mutant clone. (C) Most cells in the dlg-Gβ13F mutant clones are Cyclin E positiv
panel shows PH3 andMira without GFP. Open arrowheads indicate symmetrically dividing ce
clones contain one large Miranda-positive cell (neuroblast: open arrows) and a few Miranda
mutant clones contain one large Miranda-positive cell (neuroblast), and are not distinguish
longer contain the large Miranda-positive cell but show several small Miranda-positive cells
and dlg-Gβ13Fmutant clones (K and N). (I and J) Wild type neuroblasts (open arrowheads)
signals are detected in neurons (white arrowhead) but not neuroblasts (open arrowheads) 24
is incorporated into some cells (open arrowheads) but not others (arrows) in the dlg-Gβ13F
arrowheads) still retain BrdU 24 h after BrdU treatment.symmetrically, those postulated factors and the basal determinants
will be partitioned into both daughters andwill counteract each other.
This may cause a delayed commitment to the GMC fate, compared
with the ﬁrst GMC of Gβ13Fmutant neuroblasts, which do not receive
the self-renewal factors.
Progression of temporal identity genes in wild type and symmetrically
dividing neuroblasts
In the Drosophila CNS, the expression of the temporal identity
genes changes sequentially in mother neuroblasts but is persistent in
the sibling GMC progeny. Hence, the expression of such genes should
also depend on the asymmetric mode of division (Isshiki et al., 2001;
Pearson and Doe, 2003; Grosskortenhaus et al., 2005). We found a
signiﬁcant difference in the expression of the temporal identity genes
between normal neuroblast lineages and symmetrically dividing dlg-
Gβ13F neuroblasts. In the latter, the neuroblast progeny frequently
forms a clone of cells homogeneous for the expression of temporal
identity genes, providing evidence for the importance of asymmetric
division for the generation of neuronal diversity.
It has been shown that the ﬁrst transition of temporal identity genes
in embryonic neurogenesis, fromHbtoKr, requires cytokinesis,whereas
the transition from Kr to Cas occurs without cell cycle progression
(Grosskortenhaus et al., 2005). Symmetrically dividing neuroblasts pass
through the initial transition from Hb to Kr in all lineages examined
in this study (NB1-1, NB4-2, NB3-3 and NB7-3). A large proportion of
neuroblast lineages appears to continue expressing the temporal genes
in succession (Fig. 4), but terminates earlier than normal, as revealed byfor Cyclin E (Red) andMiranda (Blue). Lower panels show Cyclin E staining alone. (A) A
e clone. (B) A single small cell (open arrowhead) expresses both Miranda and Cyclin E in
e (arrowhead). (D) Larval brains stained for PH3 (Red) and Miranda (Blue). The lower
lls. (E–H) Onset of symmetric divisions in dlg-Gβ13Fmutant clones. (E and F)Wild type
-positive small cells (GMCs: white arrowheads) at both 72 and 96 h AEL. (G) dlg-Gβ13F
able from wild type clones at 72 h AEL. (H) At 96 h AEL, dlg-Gβ13F mutant clones no
(arrows). (I–N) BrdU-pulse labeling and chase experiments in wild type (I, J, L and M)
but not neurons (arrows) are labeled by BrdU 4 h after pulse labeling. (L and M) BrdU
h after BrdU treatment. (K and N) (K) shows BrdU andMira with GFP (left panel). BrdU
mutant clone 4 h after BrdU pulse treatment. (N) Some dlg-Gβ13F mutant cells (open
20 A. Kitajima et al. / Developmental Biology 347 (2010) 9–23their lack of Grh expression. Two observations suggest that the
transition of temporal identity genes occurs sequentially (in the order
of Hb to Kr to Pdm to Cas) in the majority of dlg-Gβ13F neuroblasts
undergoing clonal expansion during early stages of neurogenesis
(Fig. 8B-a); ﬁrst, the size of Cas clusters is mainly 4 or 8 cells when Casexpression appears at 6–8 h AEL (Supplementary Fig. 5A), suggesting
that Cas expression starts in the clones that have already divided two or
three times (some neuroblasts like NB3-3 start with Kr). Second, the
cluster size of the clones become larger in the order of Hb, Kr, and Cas
clusters at 8–10 h AEL (Supplementary Fig. 5B).
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blast lineage are, however, not constant in dlg-Gβ13F mutants.
Furthermore, a neuroblast progeny occasionally splits into two
clusters with different temporal identities, as observed in the lineages
of NB7-3 (Supplementary Fig. 3D–F and Fig. 8B-b, c). These observa-
tions suggest that stochastic processes are involved in the expression
of temporal identity genes and cell cycle progression in the dlg-Gβ13F
mutant neuroblast lineages.
Analysis of the relationship between clone size and clone homo-
geneity of NB7-3 (Supplementary Fig. 3D–G) reveals two character-
istic features regarding dlg-Gβ13F neuroblast progenies. First, larger
clones tend to be heterogeneous, containing both Kr-positive and Kr-
negative cells (presumably Pdm-positive in their next identity), when
compared to small-sized clones (Fig. 8B-b). Second, in heterogeneous
clones, neurons with the same temporal identity form a cluster (Kr-
positive and Kr-negative) and do not intermingle with each other,
suggesting that cells with a different identity are also clonal instead
being formed randomly during the expansion into a large heteroge-
neous clone (Fig. 8B-c). These observations regarding a single
neuroblast lineage raise the possibility that a slight heterogeneity
or difference created between sibling cells in early divisions become
more pronounced in temporal identity in later stages as cells go
through cell cycles. This and the remaining presence of a few Hb/Kr-
double positive clones at late stages indicate that, in dlg-Gβ13F
neuroblasts, cell cycle progression is not always linked to temporal
identity progression as expected from looking at corresponding wild
type lineages, although the progression of temporal identity is seen in
this mutant (Fig. 8B-d).
Termination of temporal identity progression may depend on
the amount of the basal determinants, including Prospero, given that
the transition of temporal identity genes do not occur in wild type
GMCs. Indeed, in dlg-Gβ13F neuroblasts, as cells divide, the size of the
cell size is rapidly reduced to approach a GMC-like state. We thus
speculate that the progeny of symmetrically dividing neuroblasts
eventually assume a GMC-like state, thereby terminating temporal
identity gene progression prematurely.
Difference between larval and embryonic neuroblasts
A remarkable ﬁnding in this study is the opposite nature of the
progeny of dlg-Gβ13F mutant neuroblasts in embryos and in larvae.
When created at larval stages, dlg-Gβ13Fmutant neuroblasts generate
continuously proliferating progeny after reducing their cell size, in
contrast to the embryonic situation. This difference would appear
to reﬂect differences in the proliferation control of neuroblasts in
the embryonic and larval stages (Datta, 1995). The function of the
pros gene, which negatively regulates genes promoting cell cycle
progression, appears to be pivotal because Pros functions as a tumor
suppressor in larval brains but not in embryos (Li and Vaessin, 2000;
Choksi et al., 2006). This difference in the effect of the loss of Pros hasFig. 8. Schematic representation of division patterns of neuroblasts in wild type, Gβ13F, and
segregation of the basal determinants during neuroblast divisions with the three genotyp
temporal identity during the embryonic stage. Each color indicates the temporal identity ge
expression is maintained in GMCs and neurons in wild type embryos. In Gβ13F single mut
divide into equal-sized cells and rapidly decrease cell volume. Neuroblasts stop cell divisions
divide symmetrically and gradually differentiate into neurons. (a) In typical neuroblast line
clonally proliferate. These cells stop their progression of temporal identity when they diff
however, variable for each lineage, generating variations in clone size and terminal tempo
containing sub-clusters expressing different temporal identity genes. (d) While the progre
progression of temporal identity and the cell cycle is not necessarily tightly linked. Some
arrested, and generate cell clusters with an early temporal identity such as Hb-Kr. (C) Differen
red, neuron: green, neuroblast/GMC-like: purple). Red circles in the cells indicate the level o
inherit basal determinants. Gβ13F (or Gγ1) mutant neuroblasts generate GMCs that are near
neuroblasts terminate or slow down the cell cycle, but do not differentiate into neurons, a
symmetric division with respect to both daughter cell size and partitioning of basal determ
dividing cells become GMC-like cells and then differentiate into neurons that assume the sa
once both Dlg and Gβ13F are exhausted in the cells. Those cells maintain nuclear Pros at lobeen attributed to the redundancy of Pros with Brat in embryos, while
they are both necessary for normal larval lineages (Betschinger et al.,
2006; Bello et al., 2006; Lee et al., 2006b). pros mutant larval clones
are thought to form tumors by the transformation of GMCs into
proliferative cells, although proliferative dlg-Gβ13F mutant cells are
likely derived from the transformation of neuroblasts into proliferative
cells that undergo symmetric divisions.
Given that embryonic dlg-Gβ13F mutant neuroblasts appear to
become GMC-like cells that inherit sufﬁcient amounts of the basal
determinants to differentiate, a simple explanation for the continuous
proliferation of larval dlg-Gβ13Fmutant cells is that the effective dosage
of Pros (or other basal determinants) in those cells is insufﬁcient
to induce differentiation, unlike in their embryonic counterparts.
Indeed, we have shown that elevation of Pros expression can induce
proliferating cells in the dlg-Gβ13F mutant clones to exit the cell cycle
and differentiate. It is of interest that, in interphase dlg-Gβ13F mutant
cells of both embryonic and larval stages,Miranda ismainly cytoplasmic
andPros is largely nuclear,while duringmitosis theseproteins appear to
form a cortical complex. There may be a larval mechanism by which
neuroblasts reduce the nuclear entry of Pros in both wild-type and dlg-
Gβ13Fmutant cells. We tested the ability of neuroblasts to prevent the
nuclear import of Pros when it is overexpressed under the heatshock
promoter and found that larval neuroblasts do not accumulate Pros
protein in the nucleus at all under conditions in which embryonic
neuroblasts show Pros nuclear accumulation (unpublished results).
These results suggest that, comparedwith embryonic neuroblasts, larval
neuroblasts have a strong ability to prevent nuclear accumulation of
Pros.
A recent study has shown that cell cycle exit at the end of larval
thoracic neurogenesis is programmed to reduce cell volume by
symmetric divisions and nuclear localization of Pros; this is regarded
as the mechanism terminating neuroblast division and allowing
differentiation (Maurange et al., 2008). As shown in larval Gβ13F
mutant neuroblasts, the reduction of cell volume only limits the
proliferative state or rate by idling or slowing the cell cycle progression,
but does not induce differentiation. Furthermore, symmetric neuroblast
divisions in the dlg-Gβ13F mutant resulted in reduction of cell volume
and nuclear accumulation of Pros (although at a low level), but caused
continuous proliferation of daughter cells. It may be that unlike the dlg-
Gβ13F mutant, the level of nuclear Pros becomes high enough to
terminate the cell cycle when wild-type neuroblasts stop division in
the larval thorax. Alternatively, the progression of temporal identity in
neuroblasts may induce additional mechanisms that cause neuroblasts
to exit from the cell cycle into the differentiated state, as in the case for
embryonic neuroblasts (Tsuji et al., 2008).
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Appendix A. Materials and methods
A.1. Fly stocks
Fly stocks used are y w1118, Gβ13Ff261 FRT9-2 (Fuse et al., 2003), y
w dlgm52 FRT9-2, y w dlgm30 FRT9-2 (Ohshiro, et al. 2000), eagle-lacZ
(Bloomington Stock Center), grh-LacZ (Bloomington Stock Center). To
label acc, pcc/RP2 and EL neurons, w; EL-LacZ, w; acc, pcc/RP2-LacZ
were used (Fujioka, et al. 1999). Germline clones were made by the
FLP–DFS technique (Chou and Perrimon, 1992). For MARCM experi-
ments, tub-Gal80 hs-ﬂp FRT19A; elav-GAL4 UAS-mCD8::GFP were
kindly provided by M. Kurusu (National Institute of Genetics,
Japan). FRT19A tub-GAL80 hs-ﬂp w; UAS-mCD8::GFP (Bloomington
Stock Center), w; UAS-pros and y w; tub-GAL4 (Bloomington Stock
Center) were used for prospero overexpression in MARCM clone.
A.2. MARCM analysis
For MARCM experiments, embryos were collected on standard
food over a 4- to 6-h time window at 22 °C. Heat-shock induction of
FLP in the newly hatched larvae was performed by immersing the
vials in a 37 °C water bath for 30 min for 28–32 h AEL. Larvae were
kept at 22 °C and dissected at 72, 96 and 120 h AEL. To express the
pros transgene in MARCM clones, we introduced a UAS-pros construct
containing a full-length pros cDNA with the entire untranslated
sequence into the ﬂy strains used for the induction of MARCM clones
(Fig. 7). By doing so, cells in MARCM clones automatically activate the
UAS-pros gene by a Gal4 driver with an appropriate promoter when
MARCM clones are induced.
A.3. Immunohistochemistry
For staining of the embryos, decholinated embryoswereﬁxed in 4%
paraformaldehyde in PBS for 25 min at room temperature with
vigorous shaking. The ﬁxed embryos were blocked with 5% skimmed
milk in PBS with 0.2% Tween 20 for 30 min at room temperature and
then incubated with the primary antibody in the blocking solution at
4 °C overnight or at room temperature for 2 h, followed by detection
using ﬂuorescent secondary antibodies. For staining of the larval CNS,
dissected larval CNS were ﬁxed in 4% PFA, 0.5% Triton X-100 and
stained as described above. The following antibodieswere used: rabbit
anti-Miranda PLF-C1 (1:2500; #970, Ikeshima-Kataoka et al., 1997),
rabbit anti-PKCζ (1:500; sc-216, Santa Cruz Biotechnology, Inc.), rabbit
and mouse anti-phosphohistone H3 (1:500; 06-570, Upstate Biotech-
nology and 9706, Cell Signaling), mouse anti-β galactosidase (1:100;
Z3781, Promega), rabbit anti-Castor (Kambadur et al., 1998), guinea
pig anti-Krüppel (1:500, Tsuji, et al. 2008), rat anti-Hunchback (1:300,
Asian Distribution Center for Segmentation Antibodies), mouse anti-
Prospero MR1A (1:10; Developmental Studies Hybridoma Bank), rat
anti-Prospero 9E10 (1:10; Fuse, et al. 2003), rat anti-Elav 7E8A10
(1:100; Developmental Studies Hybridoma Bank), rabbit anti-Even-
skipped (1:2000; #1145), chicken anti-GFP (1:500; GFP-1010, Aves),
rabbit anti-Asense (1:5000; Brand et al., 1993), mouse anti-CycE 8B10
(1:10; H. Richardson), mouse anti-BrdU (1:500; 1170376, Roche).
A confocal microscope (BioRad Radiance 2000) was used to acquire
images, which were processed with NIH Image (NIH).
A.4. BrdU incorporation
Larvaewere fed BrdU (0.75 mg/ml; Sigma) inmedia for 4 hr. Some
larvae were processed for BrdU staining for pulse experiments. Other
larvae were kept for 24 h in media without BrdU before ﬁxationand BrdU staining for pulse-chase experiments. Larval brains were
dissected and stained with antibodies as described above, with the
exception that larval brains were treatedwith 2 NHCl for 30 min prior
to primary antibody staining.
Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2010.06.029.
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